Abstract -The residual stresses of railway wheels are caused by the heat treatment during the manufacturing process, usually by the quenching process. Residual stresses within the rail wheel can be dangerous for the rail wheel. Determination of the residual stress in the rail wheel is important for understanding the damage mechanisms and their influence on proper operation of the rail wheels. This paper presents a method of determination of the residual stresses in the rail wheel during the quenching process using directly coupled stress analysis in ANSYS software.
INTRODUCTION
Today, computer simulation has allowed engineers and researchers to optimize product design process, increase its efficiency and explore new designs, while reducing costly experimental trials.
Residual stress as unavoidable during manufacturing and can be important for damage of wheel and rail. Residual stress are defined as a tensile or compressive force within a material, such as steel, without application of thermal gradient or an external force. Phase transformation, plastic deformation, or thermal effects such as contraction upon cooling cause residual stresses. Newton's laws require that compressive residual stresses at surface of a material are balanced by tensile stresses within material [1] .
Residual stresses in rail wheels can be caused mechanically due wheel/rail operation, or due to press fitting process of bandage wheel as well as during quenching process.
The residual stresses of rail wheel usually caused by the heat treatment process. Masoudi Nejad [2] estimated the residual stresses by elastic-plastic finite element model in the railway mono-block wheels caused by heat treatment process. He showed that residual stress achieve very values and they are important factor for crack initiation and fatigue life [3] .
The object of several investigations on manufacturing processes is to show a layer of compressive residual stress on the surface of parts to inhibit propagation of cracks. The effects of the residual stress and metal removal on the contact fatigue life have been estimated by Seo et al. [6, 7] . Okagata [8] evaluated the fatigue strength of Japanese railway wheel and presented the fatigue design method of the high-speed railway wheel by considering the effect of manufacturing conditions on the fatigue strength of the material.
Wang [4] showed in his study the heat treatment process of a 36" (914 mm) freight car wheel manufactured by Griffin Wheel Company. He simulated ideal and non-ideal heat treatment processing and the effect on the residual stress after on-tread braking.
Masoudi Nejad [5] showed the approach how to predict accurately the residual stresses due to quenching process of an UIC60 rail using FEM. He simulate the quenching process by applying the elastic-plastic finite element analysis for the rail. His analysis includes two parts, a nonlinear transient thermal analysis and a nonlinear static structural analysis with creep effects.
All of the noted researches preformed numerical analysis by sequential coupling of thermal and structural field. This paper consider the occurrence of residual stresses due to quenching, but with a new approach -direct coupling of thermal and structural field.
RAIL WHEEL
UIC CODE 510-2 [6] contains the conditions relating to the design and maintenance of wheels and wheelsets for coaches and wagons used on international services. It covers wheel diameters from 330 to 1000 mm, and indicates the permissible axle loads from the standpoint of stresses of the metal used for the wheel and the rail.
UIC CODE 510-2 contains detail coordinates of wheel rim line. It is valid for a nominal track gauge of 1435 mm and cannot be readily transposed to apply to other track gauges. Figure 1. shows the wheel profile which is used in further analysis.
Figure 1. Rail wheel profile (Solid Works sketch)

MANUFACTORING PROCESS
The train wheels are manufactured by casting (in some case by forging). Afterwards they are heattreated to achieve a specific hardness and reheated to remove undesired residual stress that occur in the wheels after noted procedures. Reheated temperature goes from 800 to 920 o C. After homogenisation, rims are quenched with water spay (to the temperature of 300 o C) on the tread surface using water spray equipment shown in Figure 2 . The quenching process consists of several steps, each of which imposes different boundary conditions on the model.
The heat treatment of rail wheels is the most important step in manufacturing process, which gives adequate mechanical properties to the rail wheel. Material properties depend on the cooling rates in the different parts of the wheel. A goal of the heat treatment is to homogenise the microstructure of the rim in a radial and circumferential direction.
Figure 2. Wheel quenching equipment
Quenching process of rail wheel increases the strength of the steel, improves wear resistance and induces desirable residual stress in the rim. Water spray quenches the hot rail wheel rim which cools and shrinks. Under the wheel rim, steel is still hot and has reduced yield strength due to high temperature. The rim and the plate are in compression caused by colder rim which leads to yielding. Further cooling is performed in air, which gives rim high strength and compressive residual stress. After finishing the rim quenching, plate and hub are still at temperatures near transition temperature.
After quenching the wheels are placed in a tempering furnace at 500 o C temperature for five hours [1] which reduce the residual stress. During this phase there is a tension between cooler outer rim and hotter part of rim and plate. On the end, the rail wheel is exposed to ambient temperature.
This heat-treatment result in the beneficial residual compressive stresses in the rail wheel rim. These stresses are helping the prevention of the formation of rim fatigue cracks in railroad service.
SIMULATION
There are two main approaches by using ANSYS to simulate residual stress occurrence. One is to perform sequential analysis, a nonlinear transient thermal analysis and a nonlinear static structural analysis with creep effect. Second approach, proposed in this paper, is to perform direct coupled transient analysis. Advantage of second approach is that stress results are available in all steps of the transient analysis. Disadvantage of direct coupled analysis is that initial thermal condition can not be introduced which leads to higher simulation times.
For the heat treatment simulation, a coupled thermo-mechanical analysis was performed to estimate the residual stress as result of manufacturing within the rail wheel with diameter of 1250 mm. Due to computational demands, the material of the wheel was considered as linearly elastic.
In order to perform coupling of the thermal and structural field, higher order SOLID226 [9] was used for meshing of the model. To increase the accuracy of FE computations the contact of wheel and rail was meshed with fine density mesh as shown on Figure 3 . The model consist of 34668 nodes which form 6254 finite elements.
Figure 3. Finite element model of wheel
The setup of analysis reflects the quenching process as described in the previous chapter. The model thermal load and thermal boundary conditions were defined in a multistep analysis via the software command interface as there is no user graphical interface for direct coupling of thermal and structural field.
The wheel rail was initially heated to a uniform temperature of 920 o C and then cooled down to ambient temperature of 22 o C The heat transfer coefficient for wheel to air was 27 W/m 2 C. The convection occurs from all the rail surfaces during the quenching process. The heat transfer coefficient for the portion of the wheel, which was exposed to the water spray during the quenching process, was 3000 W/m 2 C. Radiation from all surfaces of the wheel was omitted during the heat transfer analysis. Figure 4 . shows the temperature-time histories for 60 s of three nodes in the model (on the rim of the wheel, the plate of the wheel and another at the hub of the wheel), beginning at the initial temperature (920 °C), through the quenching process. One can see that temperature in the rim and hub are decreasing much slower than temperature in the plate, which is characteristic for a wheel quenching. Figure 5 shows the temperature distribution due to the quenching process in the FEM model after 5, 10, 30 and 60 seconds where can be seen the effects of cooling. From the noted figures, one can conclude that the highest temperature stays in the middle of rim and hub. Noted temperature distribution is realistic and correspond to findings by other authors [2] . Figure 6 shows the contour plots of the stress field after 5, 10, 30 and 60 seconds. It shows that, without counting the peripheral zone of the hub, the highest rates are on the rim surface. The maximum equivalent stresses during time are shown in Table 1 . It is clear from the maximum stress values and contour plots that the stresses obtained in quenching simulation are unrealistically high. This is a consequence of linear material model used during the analysis. Such approach was adopted due to very high computuational demands necessary for implemanting an elasto-plastic material model. It was decided to first validate the temperature distribution with a simple material model and than to continue research with more complex material models. 
RESULT AND DISCUSSION
CONCLUSIONS
It is possible to simulate residual stress occurrence with modern simulation tools. The direct coupled finite element analysis enables extraction of temperature and stress results in all time points of the process.
The results revealed that the stress field is highly sensitive to the variable thermal loads. Therefore, this factor significantly affects the stress field of rails during the quenching process.
The results of temperature distribution shows that temperature in the hub and rim centers are much higher than in the plate which correspond to realistic scenario of wheel quenching.
The results of the equivalent stress shows that their values are unrealistic if linear characteristic material is used.
Future research should be done with non-linear material characteristics that would lead to realistic values of residual stresses.
